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ABSTRACT 



Over the last lour decades, the size and density ol populations ol I.oplu^phora williunisii (peyote) 
have diminished markedly in large areas (d Scnith Texas w 




istributors harvest 



the cactus lor ceremonial use b\' the Natix'e American Cdnirch. Part ol the problem lies in the (act 
that some harvesters are cutting plants too low on the subterranean stem or taproot. That practice 
precludes the regeneration ol new stems and ultimate!)' results in the death ol the decapitated plants. 
To address this problem, we describe the anatomical distinctions between subterranean stem and 
root in L. wi lliumsi i as follows: The stem ccM'tex can be distinguished by the cortical bundles running 
through the parenchyma, in contrast to the root cortex, which consists of pure parenchyma without 
cortical bundles. The pith at the center of the stem is pure parenchyma (without xylem) and is readily 
distinguished from the dilatated metaxylem (with masses of dark-staining metaxylem tracheary 
elements) occupying i he center o\ tlie root. With t hese new anatomical tools, it is now possible to set 
up titration experitnems, first in the greenhouse and then in the field, to generate practical biomet- 
ric data todetermine the maximum depth at which the peyote harvesters can cut the plants without 
significantly reducing the survival rate ol the la'u^tstocks lelt in the ground alter harvest. 



Rl'SUMh.N 

Durante las ultimas cuatro decadas, el lamano y densidad de las poblaciones de Lophoplunxi 
wi i 1 1 iumsi i (peyote) han disminuido drasticamente en grandesextensionesdel surde Texasdonde se 
dan permisos a distribuidores de peyote para recolectar especimenes de uso en las ceremonias 
religiosas de la Native American C hurch. Parte lIcI problema estriba en cl hecho de que algunos 
colectores estan cortando plantas muy abajo. o en el tallo subterraneo o en la raiz pivotarte. Esta 
practica impide la regeneracibn de nuex'os tallos \' linalmente ocasiona la muerte de las plantas 
decapitadas. Para abordar estc problema. nosenros describimos las caracteristicas anatomicas que 
distinguen el tallo subterraneo y la raiz de /.. williamsU como sigue: El tejido cortical del tallo sc 
distingue por la presencia de haces corticales que se distribuyen por cl parenc|uima. atributo que 
contrasta con el tejido cortical de la raiz. el cual consiste en puro parenquima sin haces corticales. En 
el centro del tal lo la medula es puro ixirenquima (sin xilema), y se reconoce claramente del metaxilema 
dilatado (parches de elementos trae|ueales del metaxilema tenidos de oscuro) que ocupa el centro de 
la raiz. En base a estas caracteristicas anatomicas sera posible hacer experimentos de corte. primero 
en invernadero y despues en el campo. con la I inalidad de general' dates que permitan deterrninar la 
profundidad maxima a la cual hxs reci'ilectcu’es de pcNa'Jte pueden cortar las plantas sin reducir 
significativamente la supervivencia de los individuos que quedan en el suelo despues de la colccta. 
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introdl'c:tion 



Peyolc harvest as a conservation problem 

l.oi^liophoru williLimsi i (Lem. ex Salm-D\'el<j ).M. C'oult. 18‘-)4,eommonly called 

sscaetus natix'e to the (diihuahuan Desert 




pe\'oie, is a small, napilorm, s 
and the Tamaulipeean Thornscrubol northeastern Mexieoand adjacent Texas. 
While the mescaline-containing stems are ingested in x'arions lorms lor their 
psychotropic elTects, this behavior was generally proscribed by lederal di ■ug 
legislation in 1470. 1 1 ovxcvcr, lederal law provides protection lorthe useol peyote 




s bv members ol the Native Amcri- 



lor bona lide religious ceremonia 
can Church. The supply ol peyote lor such purposes is regulated by the Drug 
bnlorcement Administration and the Texas Department ol Public Salely. The 

dns with the harvest ol peyote I rom wild popu- 



commerce m 





lations b\' licensed peyote distributors or their agents. Commercial c|uantities 
of peyote occur in the U.S. only in Starr, Zapata, Webb and Jim I logg Counties 
in South Texas, within 70 km ol the RioGrande, and all lourcui‘rentl\' licensed 



pex'ote distributors are based where peyote grows in thosecaumties. I listoricalK' 
the pex'ote dist ributors ha\’e gained access to harx'estable populations ol pex’ote 




■ lease agreements with priwite landowneis. Most ol the 




I n accor 



through peyote- 

actual harvest ingol peyote is done b\' contract laborers who are 
dance w ith the numberand sizeol Ireshly cut “buttons'TtopsiTl stemsjol pex'ote 
that thev deli\’cr to the licensed distributors. 

J 

There has been a decrease in the number.size, extent and density ol peyote 
populat icnis in South Texas (Anderson 1445; Moreno 2(XD) o\'er the past lour 
decades. Much ol this reduction in peyote numbers can beattributed to habitat 
destruction associated with urban development and agricultural practicessuch 
as root plowing ol native brush, and some adverse el lects on population num- 
bers may have been due to illicit harvesting. Such phenomena are dillicult to 
c|uantily and x'irtually impossible to prevent. One lactor that i.s' (,|uantil iable in 
the decline ol peyote in South Texas is the regulated commercial harxest ol 
peyote by the licensed distributors tor ceremonial use by the Native American 
Cihurch. Approximately two million pex'ote buttons per \ear have been har- 
\ested b\' these distributors o\'er the last two decades ( le.xas Department o 
’ubiic Salet)'. unpublished data). And the technic|uc used in the harx'est ol those 
plants ccHild logicalK' ha\’e a substantial impact on tlie obserxed decline— or 

ent iai recox'erx'— ol pex'ote populations in t he ramauli pecan Thornscrub 
ol Stuith Texas. 

"Die proper technic|ue lor harx^esting pex'ote is that the cix'ixx n (i.e., the aeria 
phottvsx'nthetic portion ol the stem) ol the pex'ote cactus is cut ol I at or imme- 
diately beknx' its base, and the subterranean portion ol the plant, including a 
or most ol the subterranean portion ol the stem, is lei t in the ground to regen- 
erate (>ne or more nexv croxvns. Such harvesting ol the exxm mercial I v valuable 

O V 

croxvn ol the cactus may be accomplished by cutting through the plant trans- 




TERRY AND MAUSETH, ROOT AND SHOOT ANATOMY OF LOPHOPHORA WILLIAMSIl 



567 



versely at the level of the surface of the ground, at or near the interface ol the 
green crown and the brown subterranean portion of the stem, using a machete, 
a cutting tool with a broad I lat blade and a handle about bO cm long (such as a 
hand edger), or virtually any kind ol knilc (M. Terry, pers. obs.. Fig. la-c.). 



' is adhered to, the decapitated subter- 






When proper 

ranean portion of the stem and the more distal taproot ol the cactus (Fig. 2) 
remain intact and in situ, w'herc the viable subterranean stem tissue will nor- 
mally begin to regenerate one or more new crowns by lateral branching I mm 
axillary (areolar) buds within a lew months alter loss ol the apical meristem 
(Fig. 3). Such regenerated crowms may in turn be sustainably harvested alter 

maturity, some years 

Peyote harvest — degeneration and death of the decapitated plant 

Not every peyote plant responds in the same manner to removal ol its apical 
meristem along wdth the crown at harvest. The simplest response is that de- 
scribed above: regeneration ol one or more new crowns by lateral branching 
from (usually subterranean) stem tissue (Fig. 3). But Irequently w'e observe a 
more complex, gradual response, w 
rom the remaining stem 





gins with simple lateral branching 
ant. The diflerence is that the new 



stem branches, instead of remaining dependent on the taproot ol the original 
plant, put dowm their own adventitious taproots and eventually become inde- 
pendent plants that detach themselves I rom theoriginal plant, which— il its crown 
was completely removed at harvest— degenerates and dies in this process. 




: to removal o 



The unusual aspect of this second type ol response 
its apical meristeuT in the harvesting process, is that the regeneration (d new 
stems and the generation of new adventitious taproots I rom the new stem 
branches proceed in a seamless developmental process until at some point it 
must be recognized that the new increasingly autonomousshoot-root units have 

: original plant. That is to say, w'here 




become independent vc 
we started with a single decaiTitated plant undergoingdevelo]')ment ol new stem 
branches, we end up with what must be recognized as a moribund parent plant 
with viable clonal progeny. 




Another remarkable feature of this process is that as the clonal progeny 
become larger and more nutritionally independent, the stem tissue connection 

arent plant and each ol the vegetative clones degenerates to a slen- 
der tube consisting mostly ol vascular tissue, while the parent plant (which 
has no photosynthetic capabilities ol its own) steadily decreases in size and 
density as the nutrients stored in its parenchymal tissues are depleted and uti- 
lized by the growing elonal offspring. In the final phase ol the i^rocess, the con- 

arent plant and the now nutritional ly independent prog- 




eny disintegrates, and what is left of the decapitated parent plant dies. This 
seriesof events isdepicted in Figures 5-12. All the photos in these liguresareol 
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Fig. la. Proper peyote harvesting technique. Plant is cut transversely at base of crown, i.e., at ground level. 



specimens l har the I irst anthoreol leeted I rom populations near RioCirande Cdt\’, 

Starr Conn tv. Texas. 

/ 

This natural process ol \'ee,et at ive clone production in response tcuhe ex- 
cision ol theajiieal meristem that occurs when pex'ote erowtis are haio'csted, is 
remarkably congruent whth the lolk bclici that harx'csting peyote results in an 
increase in the number ol plants in a population, and that wherecme plant grew 
belore harx'esting, several plants max' be found alter alloxvingan adecjuate pe- 
riod ol time lor the pex'ote to 'groxx' Ixaek.' A neeessarx condition loi' this prcx- 
tooeeur, hoxx’cxer, is that the harx'esting be done in a manner that does not 
preclude the productioti ol nexv stems from the sttbterranean stem of a pi ant 
I rom which the eroxvn has been harx'cstcd. What does this mean in terms that 
could serx'c as a practical guideline lor sustainable harx'esting? 

The ansxxer m List be based onan understanding ol the anatcxmx' ol the root 
and stem ol \vi 1 1 iu msi i. We begin xx'ith the obserx'atii'in that of all 

the people xxorking xvith this plant— and here xx'c include pexote distributors, 
members ol the Natix'c American Church, cactus hobbyists in countries where 






peyote cultivat ion is legal, and ex'cn botanists— very lexv appreciate t he distine- 
tion bctxx'cen true root and subterranean stem. Yet thisdistinction iscrueial to 
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Fig. 1 b Proper peyote harvesting technique. Cut has been made parallel to ground surface, and harvested crown (below, 
about 5 cm in diameter, with 8 ribs) has been removed from subterranean portion of stem (above, remaining in the 
ground). Cut surface shows cross section of vascular cylinder (ring of yellow tissue near center of stem), pith v/ithin the 
vascular cylinder, and yellowish green parenchymal tissue of the cortex of the stem (between vascular ring and 

epidermis). 



an understanding of how to harvest peyote so that it will “grow hack.” because, 
as tar as we have been able to determine trom observations to date, new stem 
branches v\ ill develop onl\' Irom stem tissue, not from root tissue. Thcrclorc, il 
in harvesting the crown one cuts so deeply below the crown that all or most ol 
the subterranean stem tissue is removed along with the crow'n. then there will 
be no possibility ol new stem development, and the stemless root lelt in the 
ground will simply perish. With that as the operating premise, let us now eon- 
sider the anatom v of the root and the shoot ol L. williLimsi i, and how to distin- 



guish between them. 



Ideallv we should like to be able to identify the shoot-root transition zone 
in order that at least some portion of the shoot should remain with the oot ol 
the plant left in the ground after harvest. Unfortunately, the plants normally 
protrude only 1-3 cm above the surface of the ground and have a large subter- 
ranean shoot that tapers gradually until it ends in a taproot. The shoot-root 
transition zone docs not occur near the soil level where the seed germinated 
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Fig. 1 c. Proper peyote harvesting technique. Underside of harvested crown (left) shows very narrow (2-3 mm wide) ring 
of bark at perimeter of cut surface, indicating that the cut was barely below base of crown, in uppermost portion of 
subterranean stem. Cut surfaces match, except that crown parenchyma (left) is slightly greener due to higher chloro- 
phyll content, whereas subterranean stem parenchyma (right) is more yellowish. 



but instead oeeurs at various depths (higher in smaller plants, lower in larger 

plants). It is not possible to identilx' the shtrtH, root transition zcMie rnereK' b\' 
examining an inraet plant w ith the naked eve. 

In most seed I'llants, young. shoots and motsean be distinguished Irom each 
other because the shoot has a pith and cortex whereas the root lacks both these 
struct tires (Mauseth Id88). I kiwex’ci', several other cacti grow like pe\'ote— having 
a large below-ground shoot that tapers into a large taproot— and tlie shoot-root 
nature ol those structures has not been elariried (Stone-I’alinquist Osr Mauseth 
2002). karly workers on the anatomy of /.o/i/in/i/inrc/ (Rouhier 1027; Ihaivo 1931; 
Janot & bernier I933) ga\'c lair to very good anatomical de.scriptions ol root and 
shoot, but e\’en bra\u whose description td the subterranean stem and root of 
Ln/hin/’/ioru was the best available in itsday, admitted that lit is most dil fieult to 
know in whicli region thestem endsand in w'hieh the I'oot begins|...' ( bravo 1931, 
translated I rom the Spanish), because better harvest teehni(.|ues mav aid the sur 
\’i\’al I 'I this species i n ai'cas subject to inten^ixe harvest ing lor human eonsum jx- 
tie»n, as in South lexas, we undert('>ok a histologic studv (xl the anaiomv ol roots 

C ' j j 
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Fig. 2. Peyote plant immediately after most of crown has been harvested, showing cut just above base of harvested 
crown (green tissue at top), subterranean stem (brown bark-covered tissue immediately below cut base of crown) ca- 
pable of regenerating new crown(s),and tapering taproot (bottom part of plant with a few visible lateral roots). 



and shoots in L. willianisii to determine il there are reliable eriteria lor distin- 
guishing the root Irom the shoot (and partieularly the subterranean portion ol 
the shoot). We especial I y looked for eriteria that could be used in the lietd. 



MATERIALS AND Mi: l‘l IC^DS 

Plants were col leeted by M. Terry (DI-.A Researchers Registration No. RT0269501) 
from a wild population ol L. willianisii near Rio Grande City in Starr County, 
Texas, or, in the ease ol one specimen (the very large plant), donated lor research 
purposes by law enlorccment personnel. Sped mens examined inci tided two very 
small plants, two plants ol intermediate size and one very large plant (Table 1 ). 
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T I I . Dimensions of tile three ,.idull [slants stndiecl, listed from slioi test to longest. All values an' 

ants * I 1 2 Lind "121 3 were sampled at ciiound k'vel and at two Iselow 



in millimelers. 





.' 14 was sampled at only one below iiiOLind level. Use rooi ol eardi 
plant was sampled only at the lop of lire root, where it most lesemlsled a [loiliori ol shoot. 



Sample Plant 

length 


Aerial 

height 


Plant diam. 
at soil level 


Shoot cortex 
thickness 


Shoot pith 
diam. 


Root cortex- 
like zone 
thickness 


Root pith- 
like region 
diam. 


Pliii U 1 2 1 .2 cU L)i(3unci 1 bS 
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14 
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121 3, lool, -45 mm 










1.0 


3.4 


Plants yvere dissected 


yvith 


care being 


taken to obtain samples ol 


materia 



that was del initel y root (provisionally delined ;is the region below the nppei 
most pmtTt at whieh a lateral root litid emerged). deliniteK’ shoot (namelx' the 
aerial portion of the shoot— specifieally ktiown as the erown, .st'ii.su Seluilles 
( whieh has a blue-gray to blue-greeti epidermis, pheitosx’nthetie tissue 



atid a.xil larv buds), and del ini te 




vl (the transition zone betweeti shoot 



attd root ) satnples beingobtained by raking numerous stnnples between ob\'ious 
root and obvious shoot). In all but the smal lest, youngest plants, t he plant ma- 
terial that was easily' reeounizable as root \\;is loeared at least 35 mm below soil 



evel (45 mm below in plant ^1213; fable 1 ). Sinee t he nature ol the higher sub- 
terranean portionsr')! L. \vi 1 1 iu msi i was in c|uestion, samples were taken Irom 

antse.xtunined, with the position ol eaeh sample beingearelully measured 



a 




with the soil level (taken as the level ol the base ol the erown) as relerenee. 

As tissue sam|iles were obtained during disseetion, they were immediately 
immersed in Navash in's solution, then aspirated in a vaeuum ehamber to remove 



air and permit ra 




net rat ion ol lixative. Tissues were lixed lor 24 luTurs, de- 



hydrated through mixtures ol ethanol and tertiary' butanol, then embedded in 

> o 

karaplast Plus. Al ter microtoming, sections were stained with Sal ranin and Fast 
Green bya pixieedure designed especially lorcacti (Mauseth ct al. 
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Fig. 3. Two young peyote crowns ("pups") regenerating by lateral branching from the upper edge of the subterranean 
stem of a plantthat was decapitated 7.5 months previously.This plant is the same individual shown in Figs, la-lc. Each 
of the new crowns isca.T.5 cm in diameter 



Rnsiii.rs 



Morphology 

All plants tapered gradually I rom an unbranehed aerial shoot to a region of 
subterranean shoot, then to hypoeotvl, and linally to taproot. The taper was 



Linilorm in most plants, u'ithour any abrupt ehange in diameter that might in- 
dieate the boundar\' between shoot and hypocotyl or between hypocotyl and 
root. The two smallest plants that we examined (whose above-ground, photo- 
synthetic crowns were 15 mm in diameter) were only 31mm long (9 mm above 
ground, 22 mm below ground) and 50 mm longUO mm aboveground), so seeds 
must hav'e germinated at or slightly below ground level. I lowever, in the three 
adults we examined, the root/shoot junction was located at least 35 mm below 
the soi 1 level (45 mm below in plant ~ 121 3), so plants ot Lophophoi'u wi llicwisi i 
must have contractile nxTts pulling the root/shoot junction deeper as the plant 
ages. All abo\’e-groLind portions cd shoot were co\'e red with a blue epidermis; 
all subterrauean portions were covered with thin, flaking brown bark. Ribsand 
axil la ry buds (ol ten cal led areoles in cacti) were obvious on all abo\'e-ground 
portions, and withered areoles were occasionally detected (as much as 17 mm 
below' soil kwel on plant “1213). 

Slender lateral roots (1-3 mm diameter) emerged Irom taproots, but were 



extremely sparse, wuth only two or 




resent ori any plant. This could be in 
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Fig. 4. Repeated harvesting of successive crowns from the same peyote plant. Individual on left bears notches (see ar- 
rows) indicating stem regeneration after having its crown harvested three times in the past. Individual on right has 
never had its crown harvested (the distal end of the root broke off when the plant was dug up for examination). 



I^art hccausc most lateral roots in this species arc ephemeral Cemerping in re- 
sponse to moisture. I hen beingshecl in etutditions ol drought j, smal I. and Irag- 



hut the lew largest lateral roots are 

o 



i le (,M. Terry, pers. ohs.). 1 he result is l hat al 

broken oil and lelt in the ground when one uproots the plant Irom iis naiura 
urowih site in habitat— nc'> matter how earelullv one goes about extracting the 
plant. When one gtx'ws the plant in K'k')SC. Iriable seal under artilieial eoiuli- 
lions, more lateral rootsand their liner branches remain intact when the plant 



IS 




otte 




antsused in t his stitrlo however, were reeentl\' 




rom 
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Fig. 5. This is a normal peyote plant with a single long lateral root and no obvious evidence of previous harvesting. The 
symmetry of the annular constrictions on the long subterranean stem suggests reduced growth rates in periods of 
winter and/or drought. The crown of this mature plant measures ca.6cm in diameter and has eight ribs. The shallow, 
elongated indentation in the side of the crown facing the reader is a scar from tissue sampling for DNA analysis 18 
months previously. 



the gravelly soil of their habitat and this would account lor some reduction in 
the number ol intact (and therclore observed) lateral roots. 

Lateral roots emerged only I rom areas that were later showm to be taproot 
or hypocotyl, not from shoot tissue. But one plant examined in the field but not 
dissected and studied here had a root emerging from its side at about the same 
le\'el as a lateral stem branch; that root might have emerged I rom the hypo- 
cotvl rather than the shoot but that is not known. This isolated I ield observa- 



J 
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FiG.6,This is a good example of a plant that was de- 
capitated exactly once, several years ago, judging 
from the size of the new crown (ca. 5 cm diameter). 
Note that the crown-bearing lateral branch is mark- 
edly offset from the center of the original subterra- 
nean stem seen at the base of the lateral branch. 
That is a consequence of the fact that the lateral 
branch originated from an areole on the side of the 
subterranean stem. 



Fig. 7. This plant shows evidence of having been previously har- 
vested at least twice. The small sizes of the two crowns on lat- 
eral branches from the original subterranean stem suggest that 
the most recent harvesting of this plant was perhaps 2-4 years 
ago. (The larger of the two crowns is about 2.5 cm in diameter. 
Both are 5-ribbed.) 



tion should be interpreted in light ol tlie possibility that some ol what appear 
to be uppermost lateral roots ot Lophophorci may prove to be adventitious roots 
emerging from subterranean stem tissue. Whether ordinary subterranean stem 
tissue can produce adventitious roots,or whether adventitious roots can be pro- 
duced only by regenerative lateral branches Irom a plant whose apical mer- 
istem has been removed, is an anatomical issue still to be resolved. 
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Fig. 8. This plant has been harvested several times. Only one of the two new crowns is visible from this view, but the two 
adventitious taproots, each originating in a stem branch bearing a crown, are both visible (protruding to lower right). 
Each of the two crown-bearing stems has recently developed by lateral budding from a previous harvest-associated 
lateral branch that was itself decapitated near ground level. The two new crowns, each with its own adventitious tap- 
root, are well on their way to becoming independent of the parent rootstock.The original/parental plant, represented 
by its bark-covered taproot protruding to lower left from the original subterranean stem (also bark-covered), is degen- 
erating, but its subterranean stem is still alive and still attached to the subterranean stems of the two clonal progeny. 
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Fig. 9. Two vegetative clones that originated as lateral branches of the stem of a decapitated parent plant, which is 
degenerating but still clearly recognizable as the bark-covered subterranean stem with taproot extending down be- 
tween and beyond the taproots of the two new plants. There is still a connection (not shown directly, but inferable from 
the inter-adherence of the plants in the photo) between the new plants and the parental plant, but each of the young 
plants has its own functional taproot and is virtually independent of the parental rootstock by now. Visible damage to 
the crowns is attributed to the activity of natural herbivores, probably terrestrial snails, which are known to consume L 
williamsii crown tissue. 
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Fig. 10. This pair of "sister" vegetative clones is different from that shown in Fig.9, in thatthe lateral branch on the left 
has effectively co-opted the taproot of the parent rootstock as its own taproot, whereas the lateral branch on the right 
has developed an adventitious taproot of its own, which will lead to its eventual separation from the parent rootstock. 



Several plants had shrunken, withered tubercles on their subterranean 
portions. They were wrinkled and covered with bark just like all other subter- 
ranean portions, but their centers contained living parenchyma cells and an 

meristein, a 





est one found on each adult plant was 15 mm below soil level on plant *^1212, 30 
mm on plant ^1213, and 22 mm on plant ^1214. 

Withered tubercles were identifiable on subterranean, bark-covered por- 
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Fig. 11 . Three clonal sister peyote plants — each anatomically and functionally on its way to independence with its 
individual crown and taproot — still attached to the parental subterranean stem (visible as the dark brown structure 
between the taproots of the middle and right clonal sister plants). 



tions ol two ol the adult plants. Tubercles were reliably identiliable only in the 
uppermost 4.0 mm ol subterranean shoot; below that, they had withered so 
much that the only visible remnants were peg-like structures 2. 0-3.0 mm in 
diameter and 1. 0-2.0 mm tall, which appeared to be deteriorated areolar tul ts 
ol trichomes. Bark wassutl iciently wrinkled and rough that some ol its irregu- 
larities resembled withered tubercles, making identilication of tubercles dilli- 
cult. Subterranean withered tubercles should have been aligned with the rows 
ol tubercles on the aerial portions (Fig. 13), but there were only two cases in 
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Fig, 12.The amorphous, decaying mass (right) that is tenuously attached to the subterranean stem of the live cactus 
(left), is the dead remnant of the subterranean stem of a parent plant that was decapitated by peyoteros sometime in 
the past. The young specimen that developed from the then-living parental subterranean stem, is now fully formed, 
with its own taproot, and is fully independent. The very low density of the attached mass suggests that it is in an 
advanced stage of decomposition. 
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Fig. 13. L williamsii young tubercle with areole bearing woolly trichomes.The apical meristem from which the areoles 
emerge radially is immediately below the field of the photograph. 



which a rowol withered tubercles could be identified bv their areolar tut ts (Fie. 

y o 

14). Wc lollovvcd rovvsol tubercles I roni the aerial portionsol shootsclown into 
subterranean portions but usually could not tint! an\' idcntiliabic withered 
tubercles, apparently the areolar tul ts abscise from the plant. 

Struclure of the root 

Vcr\' young regions ol root (less than O.h mm in diameter) had an organization 
typical ol most dicots. There was an epidermis, a thin corte.x only a lew ce 
thick, endodermis and vascular tissue consisting ol small bundles ol primary 
phloem alternating with armsol protoxylem,and metaxylem occupied the very 
center. An important point is that metaxylem contained signilicant amounts 






livin 




em parenchyma cells, it did not consist entirely ol dead tracheary 
elements. This organization was lound in only the two smallest, youngest plants, 
in sami^les taken Irom closest to root tips. Older portions of roots (2.5 to 30 mm 
in diameter) had altered their organization. They had lost their epidermis and 
cortex, and parenchyma cells in the metaxylem had begun to prolilerate. Sec- 
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Fig. 14. L williamsii tubercles with tufted areoles (red arrows) on lower portion of crown (green tissue in upper half of 
photo).On the corrugated brown surface of the subterranean stem (lower half of photo) in the transition between light 

and shadow are two lighter-colored protuberances, situated on a diagonal curve containing the two tufted areoles 
above in the crown. These protuberances (white arrows) are the visible areolar remnants of stem tubercles, which are 
the source of lateral branches of stem that develop in response to removal of the apical meristem. 



ondary xylem (wood) and phloem were present, but epidermis, cortex and en- 
dodermis had been replaced by a bark consisting ol thin Hakes of cork. Just 
interior to the bark was a band of parenchyma that appeared to be cortex but 
which was really secondary phloem parenchyma. This cortex-like region was 
about 0.3 to 3.0 mm thick and extended inward from the bark almost to the 
vascular cambium. Thickness was correlated with root size; roots less than 4.0 
mm in diameter had a cortex-like region only about 0..3 to 0.4 mm thick; roots 
about 10-12 mm in diameter had a cortex-like region 1.0 mm thick; and very 
large roots 30 mm in diameter had a cortex-like region 3.0 mm thick. The cor- 
tex-like region was recognizable as secondary phloem only because it had traces 
of collapsed sieve tube members in it. There were no vascular bundles in the 
cortex-like region other than very rare connections with lateral roots, and these 
were oriented vertically rather than radially or tangentially. 
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Mctiixylcm parenchyma proliferated in roots, producing such abundant 
amounts of parenchyma that the center ol the root appeared to have a pith. 




■ation in an other- 



Metaxylem vessel elements were pushed apart 
wise mature tissue iscalled dilatation),and parenchyma cells in the innermost, 
first-formed wood also underwent dilatation growth. This pith-like region could 
be identil ied as dilatated xylem (rather than true pith) by the presence of iso- 
lated vessel elements within it; these were easily visible with a handlens and 



dissecting microscope. In roots about 2.5 to 5.0 mm in diameter, the pith-like 
region was about 0.5 to 1.2 mm in diameter, but it was 3.4 mm in diameter in 



roots f2 mm wide, 10.0 mm in diameter in roots 22 mm wide, and 27 mm wide 
in roots 35 mm wide. Dilatation occurred in both the innermost, I irst-lormetl 
secondary xylem as well as the middle regions, but the outer regions ol second- 
ary .xylem (the outermost 1. 0-2.0 mm) had ordinary wood organization. 

Root wood consisted ol a rav system and an axial system (containing axi- 

> > y O 

ally oriented cells such as vessel elements). Ravs were extremely narrow only 

' j J ^ j 

7.3 sd 2.3 gm wide and consisted of large, rounded parenchyma cel Ls. The axial 
system consisted ol vessel elements, paratracheal parenchyma in immediate 
contact with the vessels, and wide-hand tracheitis (WBTs). Wide-hand trache- 
idsarean unusual typeol cell found in almost all cacti; they areshort (range in 
T()/i/u)p/i()rtt: 315 to 525 um), broad spindle-shaped tracheitis with secondary 
walls that are annular or helical (Mauseth et al. 1995; Mauseth 2004). There 
were no I ibers in the wood, lust as ravs were narrow, so w'ere axial masses 

J 

sd 54 gm wide), and cross sections ol root wood appeared to be rather solid 
when viewed with the naked eve or 

J 

Slrucluic of llie shoot 



microscope. 





\oLing regions ol shoot differed from older regions by still having epidermis 
but lackine secondary xylem, phlcxnn and bark, bpidermis was present on a 



aerial (Tortions of shoots and had a blue-gray color. I lypodermis consisted of 
one layer ol parenchyma cells. Both epidermisand hypodermiscellsdelinitely 
did not have thickened walls so the shoot surface was very soft. Shoot cortex 



was always much thicker than the root's cortex-like region of secondary ph- 
oem. The thinnest corte.x in an adult plant \\'ast» mm (in an old, below-ground 
portion ol plant ’^1214) and the thickest was 32 mm at soil level in the same 
plant. Cortex was only 1.5 mm thick in the seedlings. The outermost cortex cel Is 

sade cortex was about 3.5 mm 

sade cortex 



were columnar and aligned in palisades, 
thick. Cel Is ol the inner cortex (located between 






. Cortical bundle 



s 



and the phloem) cons 

were al.Tundant throughout the inner cortex, 

o ^ 

sade cortex, and each hundle contained both xylem and phloem. Cortical 
bundles were easily visible by 





g microscope. 

A slender pith was present in the center of all stems. It was onl v f.5 mm in 
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diameter in seedlings, from 4 to 6 mm in plants of medium size, and 10 to 27 
mm in diameter in the largest plant (i.e., plant ’^1214, which had the greatest 
girth). It consisted of just parenchyma cells with very rare spherical crystals 
and no mucilage. There were no medullary bundles at all and no dilated met- 
axylem. The lack of xylem in the pith was easily visible by handlens and dis- 
secting microscope: with both of these, shoot pith looked very clean and homo- 
geneous whereas the root’s pith-like region was coarse and granular due to 
xylem in the dilatatcd region. 

Young shoots had a ring of collateral vascular bundles located between 
pith and cortex, older shoots had secondary xylem and phloem as well. Sec- 
ondary xylem in shoots was similar to root wood. Rays were nar row (149 sd 134 
pm, just one or two cells wide) and consisted ol parenchyma cells with no 
sclerification at all. The axial system consisted of small numbers ol vessels and 
paratracheal parenchyma but large amounts ol WBTs. As in roots, axial masses 
were narrow, only about 318 sd 179 pm wide. No xylem libers were present in 
any sample. Due to the narrow rays and axial masses and the lack ol ibers, 
shoot wood resembled root and the two could not be distinguished il a micro- 
scope view contained only wood and noother tissues. Secondary phloem in shoot 



s 



did not produce a cortex-like region as it did in roots; instead, as the sieve tube 
members stopped conducting, phloem collapsed into a thin, tangential band. 

All subterranean portions of Lophophoru shoots were cov'ered by bark simi- 
lar to that on older portions ol roots. An unusual leature was that shoot bark 
occasionally contained crystals and vascular bundles, indicating that the cork 
cambium had arisen deeply enough in the shoot cortex to cut across cortical 
bundles; however, both crystals and vascular bundles were too small to be vis- 
ible with a handlens examination ol bark. 



Structure of the hypocotyl 

The hypocotyl is the short (less than 10 mm long) region located between the 
seedling shoot (epicotyl) and the seedling root. The structure of the hypocotyl 
in L. williamsii had characters of both the root and shoot. The center ol all hy- 
pocotyls was root-like because it consisted ol dilatated metaxylem and inner- 
most secondary xylem, so it too was pith-like. It could be identilied as not be- 
ing a true pith by the presence ol v^essel elements and WBTs interspersed with 
the parenchyma cel Is. The outermost regions were true cortex, and even though 
a hypocotyl is not a part of the shoot, the hypocotyls ol Lophophora had corti- 
cal bundles. Hypocotyl cortex width was wider than that ol the cortex-like 
region in roots, narrower than the true cortex ol shoots in each plant. All hypo- 
cotyl samples had abundant secondary xylem and phloem, which was similar 
to that in both roots and shoots. Hypocotyl bark was similar to that ol snoots, 
having occasional bits of cortical bundle that had been cut oil by a cork cam- 
bium located deep within the cortex. 
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Tahif 2. Distinguishing characters of slioots and roots of L wiHiamsii. 





Shoots 


Roots 


Outer tissues 


True cortex; appears granular due to 
presence of cortical bundles. At least 
5 mnd or more thick. 


Cortex-like region; appears srdaooth 
due to lack of cortical bundles. At 
most only 3 rddm thick. 


Center 


True pith; appears simooth due to 
lack of medullary bundles and lack of 
dilatated rdietaxylem. Width is not a 
reliable criteiion. 


Pith-like region;appears gianular due 
to dilatated naetaxylem and innermost 
secondary xylem. 


Withered 

tubercles 


Sometimes presem, not always easy 
to identify if bark is rough. 


Never present. 


LcUeral roots 


Nevei present on shoots? May be 
confused with post-harvest 
adventitious roots. 


Common on taproots, but could be 
absent. 



DISCUSSION 

This study shcaws that roots and shoots of L. willicinisii differ significantly in 
several leatures. At least in fresh plants, the two organs can be distinguished 
easily and reliably using just a hand lens or dissecting in icrcascope (Table 2). Both 
rtaot and shoot have an outer region that resembles cortex, but the true cortex 
ol shoots has a granular appearance because it contains numerous cortical 
bundles (Fig. 15), as is true ol many cacti (Sajeva & Mauseth 19D1; Mauseth & 
Sajeva 1992). In contrast, the outer region of roots resembles cortex but is in fact 
an accumulation ol secondary phloem, which has a very smooth ap|X'arance 
as seen with a handlens. The vascular bundles ol lateral roots pass through 
this cortex-like region ol secondary phloem, but because lateral roots arc so 
sparse and because their vascular bundles are oriented vcrticallv, there is little 



chance ol conlusing the shoot and root outer tissues. Roots ol other cacti also 
have this outermost cortex-like region (Stone-Pal mc|uist & Mauseth 2002). The 

true cortex ol the root ol F. wiHiamsii is pure parenchyma (Fig. 16) and does 
not contain secondary phloem. 

The center ol shoots is occupied by true pith, which is homogeneous in 
appearance due to the lack of medullary bundles in Lophophoia wiHiamsii (Fig. 
17). Medullary bundles arc common in many species ol cacti but lacking in 
others (Mauseth 1993). In the roots ol most species, metaxylem either has no 
parenchyma or il it does, the parenchyma docs not undergo proliferation, so 
that roots ol most plants have no pith-like region at all and can easily be distin- 
guished Irom shoots (Mauseth 1988). The pith-like region ol roots in /.. 
wiHiamsii (Fig. 18) makes the roots look like shoots at first glance or with just 
the naked eye, but because the pith-like region in cacti originates bv cell divi- 
sion in root metaxylem (Gibson 1978; Loza-Cornejo <Sz Terrazas 1996), it has a 
granular appearance when examined with a handlens. 
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Fig. 15 . Cortex of shoot off. williamsii. Arrows indicate cortical bundles running through the parenchyma. All visible 
parenchyma cells are cortex parenchyma. Scale bar (lower left) = 1 mm. 



Two characters might be useful tor distinguishing shoots (torn roots with- 
out cutting plants open to examine the cortex-like regions and pith-like regions. 
Lateral roots emerged 1 rom the sides of other roots and from the sides ol hypo- 
cotyls, but none was seen on any part of the three adult shoots we examined. It 
is possible that shoots had produced adventitious roots which had either bro- 
ken ol 1 when the plants were collected or which had abscised before collection. 
No remnants of such roots were seen when we examined the sides ol subterra- 
nean portions of shoots with a dissecting microscope, but these pfant parts were 
so wrinkled and bark-covered that we could have missed any that were present. 
However, as we examined the microscope slides ol subterranean portions of 
shoots, we did not encounter any vascular bundles that would have indicated 
adventitious roots had been present. One plant, examined in the field, had a 
root emerging from its side at about the same level as a lateral branch; if that 
root was emerging from the shoot rather than the hypocotyl then shoots as well 
as roots might bear roots. Now that anatomical characters can be used to dis- 
tinguish roots from shcTots, it will be possible to examine more plants in the 
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Fig. 16 . Cortex of root of L williamsii. All cells are cortical parenchyma cells. Absence of cortical bundles is conspicuous. 
Scale bar = 1 mm. 



icld to sec how I rc(.|uently shoots bear roots Irom their sides, and the e.xtent to 
which such adventitious root development is associated with liranehingol sulo- 
terranean stem tissue in response to peyote harvesting or removal ot the apical 
meristem by natural processes. 

II the below-ground portion ol the plant has withered tubercles, it must be 
part ol the shoot rather than root or hypoeotyl. 1 lowevcr, we did not lind any 
withered tubercles on one ol our adult specimens despite a search with a dis- 
secting microscope. Apparently they cither wither so much that they become 
unrecognizable or they abscise, so their absence cannot be used as prool that 
the structure is either hypoeotyl or root. When trying to I ind withered tubercles 
in the I ield, one should search in a I ine continuous with the line lormcd bv the 
row's ol tubercles in the aerial shoot, because all tubercles arc lormed in rows 
(.just as on the ribs ol columnar cacti: Mauseth 2000). 

II a plant remnant is to sprout and continue growing al ter its top has been 
harvested, the presence and health ol these whthered tubercles is important. II 
a i^lant is haiw'ested by being cut too low/ only root or 





win remain m 
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Fig. 17. Pith of center of shoot of L. williamsii, shomng pith as pure parenchyma without xylem (center and left). Arrows 
(right) indicate the innermost primary xylem of the vascular bundles in the ring of bundles at the perimeter of the pith. 
Only part of the ring of vascular bundles is shown (right), and all the cells on the left are true pith. Scale bar = 1 mm. 



the ground and neither of these have a.xillary buds, so neither can produce a 
bud to replace the harvested shoot, ll the plant is harvester] by being cut through 
the subterranean shoot, and il the remaining portion of shoot has healthy tu- 
bercles— withered but with an a.xillary bud— then the remaining portion should 
be able to sprout and grow and be ready lor harvesting again in a lew years. But 
if the remaining shoot has abseised all its tubercles, or if they have withered so 
much that they are no longer healthy, then the remaining piece ol plant wil 
not be able to sprout and will instead eventually die for lack ol photosynthetic 
tissues. Tubercles located higher on the subterranean portion of the shoot are 
younger and presumably healthier than those lower down, deeper in the soil 
and closer to the root. II plants are harvested by cutting the subterranean shcTot 
rather high— closer to soil level— the greater the chances are that the residual 
piece ol plant will have healthy tubercles and will be able to re-sprout. 

With the information discovered in the current study, we now have the tools 
to examine in detail the potential tor regrowth al ter different types ol harvest- 
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Fig. 18. Dilatated metaxylem of center of root of L williamsii.M\ arrows indicate masses of dark-staining metaxylem 
tracheary elements. All parenchyma cells in the image are metaxylem parenchyma cells, not pith. Scale bar = 1 mm. 



ing. A .set plants could be harvested at various depths below soil level with 
the certainty that all had been cut highe 
lei t on the remaining plant pcTrtion. The harvested lop of each could be e.xam- 
ined lor w 





il plants are cut so high that their har- 
vested tops have several recognizable withered tubercles near the cut, then the 
remaining portion also hasat least a lew tuberclesand will sprout. But il plants 
are cut so low that the harvested tops have lew or no identiliable withered tu- 
bercles near the cut— and it the cut does pass through shoot tissue and tiot root 

2 remaining shoot also has lew' or no tubercles capable 
ol sprouting. It is even possible to try cutting the plants thi'ough the hypocotyl 
to see il it is capable ol lorming adventitious shoot buds; that capacity is rare in 
hypocotyls but is knowm to cx'cur in a lew species. 

Preliminary data on plants under greenhouse conditions were collected on 



tissue 




1 1 plants over a period ol three years 




.Six plants were cut 



low (.approximate!)’ l.S crown diameters liclow the base ol the crown, and in 
every case at least 50 mm below the base ol the crowm). The distal subterra- 
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nean portions of those plants were then observed for at least eight months. No 
new stem branches were observed on any ol the six low-cut plants. The other 
five plants were cut high (at about the base of the crown, and in no case more 
than 5 mm below the base of the crown) and similarly observed. One or more 
crown-bearing lateral branches from the decapitated subterranean stein were 



observed within five months on three of the live plants, and within eight months 
on all five high-cut plants. 

Future studies include a similar greenhouse experiment on regrowth, with 
substantially larger numbers of plants and with varying measured depths ol 
cut expressed as a fraction (or multiple) of crown diameter, so that croven di- 
ameter could be used as a practical guide for harvesting peyote in the field. It 
will be noted whether the cut goes through root, stem, or hypocotyl. That titra- 
tion of the effect ol depth ol cut on regrowth in the greenhouse will be lobowed 
by a similar experiment conducted in the field, with individually identilied 
and permanently marked plants. It is anticipated that results in the Held may 
differ Irom greenhouse results, due to harsher environmental conditions in the 
field and the possibility that some of the smaller plants in the Held may have 
been harvested previously, perhaps leaving less than the critical mass ol sub- 
terranean stem tissue needed to regenerate viable photosynthetic stem tissue. 
These factors may affect regeneration and survivorship in all experimental 
groups. 
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